The diastereoisomeric title compounds, 5 and 6, were obtained as a result of intramolecular electrohydrocyclisation of methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl}ethyl)phenyl]prop-2-enoate. The common feature of the molecular structures is the presence of a central, eight-membered, -C(H)-C(H)-C C-(CH 2 ) 2 -C C, ring appended to a cyclopentenyl and two phenyl rings. This study represents an unprecedented structural characterisation of such an atomic/bonding arrangement. The distinctive feature of the structures relates to the conformation of the central rings, i.e. approximating a boat in 5 and a chair in 6. This difference in molecular conformations arises from the different configurations at the methine-C atoms of the cyclopentenyl ring, i.e. R-and S-(or S-and R-) in 5 as opposed to R-and R-(or S-and S-) in 6. In each case, the hydroxyl-OH forms an intramolecular hydrogen-bond to the adjacent carbonyl-O atom so the molecular packing in each of 5 and 6 is sustained by non-conventional interactions. A three-dimensional architecture in 5 arises from a combination of phenyl-C-H … O(carbonyl) and methyl-and methylene-C-H … π contacts. In the crystal of 6, supramolecular chains with a zig-zag topology along the c-axis are formed via methyl-C-H … O(hydroxyl); the chains pack with no directional interactions between them.
Introduction
The cathodic reduction of activated alkenes by electronwithdrawing substituents, such as CO 2 R, COR, CN, NO 2 and C=NR, is an important carbon-carbon bond formation reaction leading to a reductive coupling product. The kinetic and mechanistic aspects of these coupling reactions are well understood and usually lead to linear, dimeric structures. Under specific experimental conditions, hydrogenation, dimerisation followed by cyclisation or polymerisation may occur leading to different products [1] . Cinnamic acid esters with ring-or double bond-substituents have been studied in this context, and according to the nature of carboxylate group, the formation of a cyclic dimer with a five-membered ring can result by way of a Dieckmann reaction [2] [3] [4] . Following this observation, an organic compound that has two 2-alkoxycarbonylvinyl groups in its structure should exhibit similar behaviour to cinnamates. However, when these groups are separated by a bridge that contains double bonds some differences in electrochemical behaviour may be observed. When present, these differences are inherent to the electronic interactions between the two 2-alkoxycarbonylvinyl groups, as apparent for the substrates dialkyl 3,3′-( 1,2-, 1,3-and 1,4-phenylene)-bis-(2-propenoates) [5, 6] i.e. 1, 2 and 3, respectively, see Figure 1 for chemical structures. By contrast to 1-3, the substrate methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl} ethyl)-phenyl]-prop-2-enoate (4), where no conjugation between the two groups involved in the reductive coupling is possible, the cathodic reduction course must follow a different pathway. Herein, cyclic voltammetry in anhydrous dimethylformaide (DMF) and acetonitrile (MeCN) were performed on substrate 4. Two of the products, 5 and 6, were isolated in crystalline form and subjected to X-ray structure determination in order to unambiguously determine the three-dimensional structures as the spectroscopic evidence was inconclusive.
Experimental Synthesis and characterisation
NMR spectra ( 1 H, 13 C, DEPT 135°) were recorded on Bruker AC-200 and DRX-500 spectrometers in CDCl 3 solutions with tetramethylsilane (TMS) as the internal standard. When the sample was not soluble in CDCl 3 , DMSO-d 6 was employed. GC analysis were performed on a HP5890 instrument (fused silica capillary column HP-17, 10 m × 0.53 mm) and mass spectra (EI) were obtained on a Shimadzu 14B/QP 5050A instrument at 70 eV. Infrared data were obtained on a Perkin-Elmer FT-IR 1750 in CDCl 3 solution or as KBr pellets. Elemental analyses were performed on a Perkin-Elmer 2400 instrument. Melting points were performed on a Kofler instrument and are not corrected.
Electrochemical experiments [2, 3]
Cyclic voltametry experiments were run in a three compartment cell using a Princeton Applied Research 173 potentiostat/galvanostat. The reference electrode was Ag/Ag/I (a silver wire immersed in anhydrous DMF or MeCN/0.1 mol L −1 solutions in tetrabutylammonium iodide (TBAI)), freshly electrochemically deposited mercury on a platinum bead as the working electrode and a platinum foil (4 cm 2 ) as the counter electrode. Solvents/supporting electrolyte was anhydrous DMF or MeCN/0.1 mol L −1 of dry tetraethylammonium perchlorate (TEAP). The substrate concentration was 6.72 mmol of methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl}ethyl)phenyl]prop-2-enoate (4) and the sweep rate 100 mV s −1 . The recorded potential peaks located in the most negative region obtained in DMF (−1.82 V vs. Ag/AgI) and MeCN (−1.83 V vs. Ag/AgI) were not used because they can involve the reduction of solvent and/or supporting electrolyte molecules. This fact was observed when cyclic voltamograms were run without 4.
General procedure for the electrolyses [2, 3]
prop-2-enoate (4) was electrolysed in a divided cell made of glass equipped with a mercury pool as working electrode, platinum foil as counter electrode and the reference was Ag/AgI as described above In both solvents/supporting electrolytes solutions, the potentials were applied until the current reached 5% of its initial value (20-40 mA) . When the solvent employed was anhydrous DMF, the electrolysed solution was diluted with cold, acidified H 2 O (70 mL; pH 2-3), extracted with ether (3 × 30 mL), washed with saturated NaHCO 3 (1 × 30 mL), H 2 O (3 × 30 mL) and saturated NaCl (3 × 30 mL), and then dried over MgSO 4 . In the case of anhydrous MeCN, the excess of MeCN in the electrolysed solution was evaporated under reduced pressure. The residual was dissolved in H 2 O (100 mL), acidified with dilute HCl (5% (v/v)) until the pH 2-3. The solution was extracted with ether (3 × 30 mL), washed with saturated solutions of NaHCO 3 (1 × 30 mL), H 2 O (3 × 30 mL) and NaCl (3 × 30 mL), and then dried over MgSO 4 . The precipitated solids were filtered, dried over P 2 O 5 and submitted to melting point analysis. The solvent was evaporated, the residues stripped off in vacuo and the crude products were submitted to a chromatographic column in silica gel (70-230 mesh) using hexanes (b.pt: 60-68 °C)/ethyl acetate in varying proportions as eluent. The yields of electrolyses products were calculated based on the initial amount of starting material 4.
Synthesis of starting materials
The starting material methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl}ethyl)phenyl]prop-2-enoate (4) was synthesised in accord with the procedures detailed below.
Methyl 2-methylbenzoate: 2-Methylbenzoic acid (25.0 g, 184 mmol) and anhydrous methanol (190 mL) were refluxed in the presence of concentrated H 2 SO 4 (10 mL, 5% (v/v)) for 24 h. After cooling, excess methanol was evaporated and the residue diluted in water (120 mL), extracted with ether (3 × 40 mL), washed with aqueous NaHCO 3 (1 × 30 mL), H 2 O (3 × 40 mL) and aqueous NaCl (3 × 30 mL), and then dried over MgSO 4 . After the removal of ether, the product was obtained (27.02 g, 98% 
2-[2-(2-Formylphenyl)ethyl]benzaldehyde: (2-{2-[2-(Hydroxym-
ethyl)phenyl]ethyl}phenyl)methanol (see above; 2.18 g, 9.0 mmol) was added in one portion to a vigorously stirred suspension of pyridinium chlorochromate (PCC) [11] (5.83 g, 27 mmol) in anhydrous CH 2 Cl 2 (20 mL). The stirring was continued at room temperature for 90 min. Anhydrous ether (40 mL) was added, decanted and the black residue washed with ether (3 × 30 mL). The combined extracts were filtered through silica gel 70-230 mesh (15.0 g). Solvent evaporation yielded 1.93 g (92%) of the desired product. M.pt (EtOH): 100-102 °C. 1 
Methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl} ethyl)phenyl]prop-2-enoate (4):
To dry benzene (100 mL) were added the acid (see above; 5.0 g, 15.5 mmol) and thionyl chloride (6.7 mL, 93 mmol). The mixture was refluxed under stirring for 4 h. The benzene was removed by evaporation under reduced pressure and anhydrous methanol (15 mL) added. Refluxing was continued for 2 h. Excess of methanol was evaporated, the residue diluted in H 2 O (120 mL, extracted in CH 2 Cl 2 (3 × 40 mL), washed with aqueous NaHCO 3 solution (1 × 30 mL), H 2 O, (3 × 40 mL) and aqueous NaCl (3 × 40 mL), and then dried over MgSO 4 .0 7, 12 ]nonadeca-1(15),3,7(12),8,10,16,18-heptaene-3-carboxylate) were measured at 98 K on a Rigaku AFC12κ/SATURN724 diffractometer using MoKα radiation. Data processing and absorption corrections were accomplished with CrystalClear [13] and ABSCOR [14] , respectively. Details of cell data, X-ray data collection, and structure refinement are given in Table 1 . The structures were solved by direct-methods [15] . Fullmatrix least squares refinement on F 2 with anisotropic displacement parameters for all non-hydrogen atoms was performed [16] . The C-bound H atoms were placed on stereochemical grounds and refined with fixed geometries, U iso (H) = 1.2-1.5U iso (carrier atom). + 2F c 2 )/3 was introduced in each case. The programs WinGX [17] , ORTEP-3 for Windows [17] , PLATON [18] , DIAMOND [19] and QMol [20] were also used in the study.
Crystal structure determination

Results and discussion
Chemistry
Cyclic voltammetry experiments in anhydrous DMF and MeCN were performed on the substrate methyl (2E)-3-[2-(2-{2-[(1E)-3-methoxy-3-oxoprop-1-en-1-yl]phenyl}ethyl) phenyl]prop-2-enoate (4). These experiments showed the presence of an irreversible reduction peak located at −1.42 V (vs. Ag/AgI) in each solvent. The potential of the current peaks were consistent [21] with the absence of electronic interactions between the 2-methoxycarbonylvinyl groups indicating that these are not conjugated, as indicated in the chemical diagram of 4, Figure 1 . In previous studies with 1-3, where electronic communications are observed between the substituents, the corresponding cyclic voltamograms showed the presence of two reversible reduction waves separated by a difference of approximately 300 mV. For these compounds, the reduction occurs at only one of the two 2-alkoxycarbonylvinyl groups [2, 22] . As expected for the substrate 4, where there is no communication between the substituents, during the preparative electrolysis at the controlled potential (−1.42 V vs. Ag/AgI) in DMF and MeCN, both groups were concomitantly reduced, an observation confirmed by the consumed charges at the end of experiments, i.e. from 1.75 to 1.86 F, with the values close to 2.0 F corresponding to a two-electron transfer process at the electrode surface. The initial analysis of the compounds separated from the crude mixture after electrolysis in each solvent led only to a partial structural elucidation, Figure 2 . For example, the 1 H NMR data indicated the presence of a signal at 11.00 ppm (from CDCl 3 /TMS) which disappeared in the presence of D 2 O, being characteristic behaviour of a hydroxyl group. In addition, the 13 C NMR experiments showed the presence of two signals corresponding to carbons involved in a double bond, i.e. located at 102.20 ppm (HO-C=) and 169.70 ppm (=C-CO 2 Me). Both facts suggested the presence of a five-membered enolic ring. However, the complexity of signals in the 1 H NMR spectra corresponding to the methyl-and methylene-protons in the region 2.68 to 4.13 ppm precluded unambiguous structure assignment. Thus, each isolated sample was dissolved in a mixture of methanol/CHCl 3 ((9:1) (v/v)) and after slow evaporation were obtained in crystalline form, then subjected to X-ray structural analysis. In addition to 5 and 6, the acid
prop-2-enoic acid) (16-25%) was found (the structure was confirmed by the values of the coupling constants in the 1 H NMR) as well as oligomeric products (21-31%) which were not characterised, Figure 2 .
Molecular structures
The structure determinations of the products isolated from the intramolecular electrohydrocyclisation mediated by the electrochemical reduction of methyl (2E) prop-2-enoate (4), i.e. diastereoisomeric 5 and 6, were performed in order to assign the molecular structures. The molecular structure of 5 is illustrated in Figure 3a . The molecule comprises four fused rings and is constructed about a central, eight-membered ring, C6, C7, C8, C13, C14, C15, C16 and C21, which has a twisted-boat conformation. In this description, the pairs of atoms derived from the phenyl rings, i.e. C8 and C13, and C16 and C21, lie above the approximate plane defined by the sp the plane of the base of the central boat, forming a dihedral angle of 31.46(11)°. However, there are significant twists in each plane. The ester residue is essentially co-planar with the five-membered ring as seen in the values of the O1-C2-C3-C4 and O2-C2-C3-C7 torsion angles of 1.0(2) and −0.7(2)°, respectively. The conformation of the carbonyl-and hydroxyl-oxygen atoms is syn, an arrangement that allows an intramolecular hydroxyl-O3-H … O1(carbonyl) hydrogen-bond to form, Table 3 . The molecular structure of 6 is shown in Figure 3b from which it can be seen that i) the molecular connectivity is as for 5 and ii) a major conformational change in the central eight-membered ring has occurred. The central ring now has the shape of a chair. While the dihedral angles between the central C6, C7, C14 and C15 atoms [r.m.s. deviation = 0.082 Å] and the pendent phenyl rings are, to a first approximation, the same as for 5, Table 2 , the different conformation is best reflected in the dihedral angle between the phenyl rings, i.e. 12.89(18)°, indicating an almost parallel disposition cf. the near orthogonal relationship in 5, Table 2 .
The cyclopentenyl ring in 6 again adopts an envelope conformation with the C6 atom, the flap atom, lying 0.248(3) Å out of the plane defined by the remaining atoms [r.m.s. deviation = 0.005 Å]. Reflecting the different conformation of the central ring in 6, the both dihedral angles formed between the cyclopentenyl ring and phenyl rings approach orthogonality as opposed to the situation in 5, Table 2 . The relative dispositions of the ester and hydroxyl groups in 6 are as for 5, Table 2 , and the intramolecular hydroxyl-O3-H … O1(carbonyl) hydrogen-bond persists, Table 3 . The differences between the molecular structures for 5 and 6 are highlighted in the overlay diagram shown in Figure 4 . From this it is evident that the there is a high degree of coincidence in the substituted cyclopentenyl residues and the significant difference in the conformation of the eight-membered ring. Also evident is the different configurations of the two chiral centres of the cyclopentenyl ring. Referring to Figure 4 , in 5, the C6 atom has an R-configuration and that of the adjacent C7 atom, an S-configuration. This has the consequence that the hydrogen atoms of these centres are syn. In the inverted form of 6 shown in Figure 5 , both C6 and C7 have S-configurations.
Given the different conformations about the central rings in 5 and 6, i.e. boat and chair, respectively, it was thought of interest to ascertain information concerning the physiochemical properties of the molecules. Thus, referring to Table 4 , the volume, surface area, globularity and asphericity of the molecules were calculated using Crystal Explorer [23] , and the density and packing index were calculated using PLATON [18] . The crystal density and packing efficiency for 5 are marginally greater than for 6. This is consistent with the volume and surface area being smaller, and the slightly greater inclination towards a globular molecule in 5.
A appended to a saturated five-membered ring, i.e. with the sequence of bonds within the ring -C(H)-C(H)-C C-(CH 2 ) 2 -C C. In each of these closely related compounds, the eight-membered ring has a boat conformation, as in 5 [25] . There are no examples included in the CSD of the five-membered ring having a double bond as in 5 and 6 pointing to the novelty of the molecular frameworks reported herein.
Molecular packing
The molecular packing of 5 is dominated by weak interactions. As well as participating in an intramolecular hydroxyl-O3-H … O1(carbonyl) hydrogen-bond, the carbonyl-O1 atom also accepts an interaction from phenyl-C17-H; geometric details describing the intermolecular interactions in 5 and 6 are given in Table 4 . There is also a relatively close methylene-C6-H … π(C16-C21) contact [26] which, when combined with the C-H … O contacts, leads to supramolecular layers in the ab-plane. Further stabilisation to the layer is afforded by methyl-C-H … π(C16-C21) interactions indicating the (C16-C21) ring accepts two such contacts. The layers inter-digitate along the c-axis and the connections between them are of the type methylene-C14-H … π(C8-C13) so that a three-dimensional architecture ensues, Figure 5 .
In keeping with the distance criteria in PLATON [18] , the molecular packing of 6 features less specific interactions than observed in 5. In addition to the hydroxyl-O3-H … O1(carbonyl) hydrogen-bond, the only other directional interaction is a weak methyl-C1-H … O(hydroxyl) contact, Table 4 . These lead to supramolecular zig-zag chains along 
Conclusions
The novel electrolyses products, 5 and 6, were generated by electro-reductive cleavage of 4. These are diastereoisomeric, differing in the configurations at the methine-C6 and -C7 atoms, i.e. of opposite chirality in 5 and with the same chirality in 6. This has a profound influence on the molecular conformation of the central, eight-membered, -C(H)-C(H)-C C-(CH 2 ) 2 -C C, which approximates a boat in 5 and a chair in 6. The generation of the eightmembered ring appended to a cyclopentenyl ring as found in 5 and 6 has no precedents in the crystallographic literature suggesting electrochemical-mediated synthesis offers opportunities in synthetic organic chemistry.
